Abstract. Vanadium pentoxide (V2O5) nanosheets are successfully synthesized by a hydrothermal method, followed by a high-temperature sintering treatment. Several advanced techniques are used to characterize the morphology and composition of the nanostructures, such as transmission electron microscope (TEM), high-resolution TEM (HRTEM), scanning electron microscope (SEM), and X-ray diffraction (XRD). The HRTEM image and selected area electron diffraction (SAED) indicate the crystalline grows along [010] direction. The gas sensing performance of the V2O5 nanosheets was evaluated toward several volatile organic compounds (VOCs), such as ethanol, acetone, pyridine, and formaldehyde. The results show that the nanosheets exhibits superior sensing response and selectivity toward acetone to that of commercial V2O5 particles at optimum working temperature of ~300°C. this work will help explore vanadium oxides as sensing materials towards VOCs with high performance.
Herein, we report a two-step method for synthesis of V2O5 nanosheets for sensing acetone. The morphology and composition of such structures will be characterized with several analytical techniques, such as transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), X-ray diffraction (XRD). The gas sensing performance (e.g., sensitivity, selectivity, and stability) of the as-prepared V2O5 nanoparticles toward several VOCs (including acetone) will be measured and evaluated.
Experimental Method

Synthesis of V 2 O 5 Nanosheets
In a typical synthesis procedure, commercialized V2O5 (0.14g) were added in 16 ml of ethylene glycol (EG) with vigorous stirring at 60 ºC for several hours until the color of the suspension changed from brownish yellow to light yellow. Then, a certain amount of HCl (23%) was used to adjust the pH (~1) of the system. 20 ml of such obtained suspension was added into a 50 ml Teflon container. After the container was sealed in an autoclave, it was heated at 260°C for 24 hours. After cooled down to room temperature naturally, the resulting black precipitate was collected by centrifugation, washed thoroughly with deionized water and ethanol several times and finally dried at 70°C overnight before further use. Finally, the precipitate was sintered at 400°C in the atmosphere of air for 2 hours, respectively.
Characterization
The phase composition and purity of the synthesized particles were examined using Phillips X'pert Multipurpose X-ray Diffraction System (MPD) equipped with graphite mono-chromatized Cu-Kα radiation (λ=1.54 Å) in the 2θ range of 10-80º. The particle morphologies were observed on a JEOL 1400 microscope (TEM), operated at an accelerated voltage of 100 kV. HRTEM images were recorded on a JEM 2100F field emission transmission electron microscope with an accelerating voltage of 200 kV. SEM images were recorded with a JEM-7001F field emission scanning electron microscope.
Gas Sensor Construction and Measurements
The gas sensors were fabricated according to the procedures reported in our previous studies. [13, 5] Specifically, the as-prepared V2O5 particles were first dispersed in ethanol to form slurry, which was then coated on a ceramic tube with previously printed Au electrodes and Pt conducting wires. The ceramic tube was subsequently dried at 100 °C for 2 h to evaporate the solvent. To be stable, all the materials were treated and aged at 300 °C in air until the resistance became stable (~24h). The sensing properties of the V2O5 particles were evaluated using a computer-controlled WS-30A gas-sensing measurement system (Weisheng Electronics Co., Ltd., Henan, China).
Before the measurement, a Ni-Cr resistor was inserted into the ceramic tube as a heater, which is used to control the operating temperature by adjusting the heating voltage (Vheating). A reference resistor was placed in series with the sensor to form a complete measurement circuit. The change of the voltage at the two ends of the reference resistor (Rreference) can be monitored by the computer. The target gas (e.g., 1-butylamine) was injected into the testing chamber using a microsyringe. The response (S) of n-type semiconductors can be defined as the ratio of the resistances measured in air (Ra) and in the tested gas atmosphere (Rg): S=Ra/Rg. The output voltage was set at 5 V and the gas-sensing measurements were conducted at a relative humidity of 55-65%.
Results and Discussion
Composition of the as-Prepared Precursors and Final Products
The phase composition of vanadium oxide precursors and V2O5 nanosheets was characterized by XRD, as shown in Fig. 1a . The figure depicts the XRD patterns of the precursors (curve a) and V2O5
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nanosheets (curve b). It can be seen that V2O3, labeled as diamond, is the domain compound in the precursors. Other peaks can be indexed as vanadyl ethylene glycolate (VEG) (2θ=13.6°, labeled as circle), VOOH (2θ=27.2°, labeled as squire) and some unknown species (2θ=47.8° and 76.9°, labeled as triangle). Curve b shows the typical XRD patterns of the pure V2O5, corresponding to the sintered products of the precursors. All of the diffraction peaks can be well indexed to the diffraction peaks of orthogonal phase of V2O5 (JCPDS 01-089-0612). Due to the V2O5 product sintered from the precursors, it can be deduced that the unknown species in the precursor are still vanadium species. To further confirm the composition of the precursor and investigate the transformation from precursor to V2O5, FT-IR was used to characterize the functional group of the precursor and final product, as shown in Fig.1b . It can be clearly seen that there are two strong broad peaks located at ~3444 and 1637 cm -1 for precursor curve, while these peaks are not obvious in final product curve. This indicates that O-H bond exists in precursors, which may generate from VOOH species. The small peaks located at ~2973 and 2925 cm -1 represent CH2O-group, probably originated from VEG. The peak centered at ~991 cm -1 can be assigned to V=O stretching bond, while those centered at 638 and 617 cm -1 are attributed to the V-O-V bending mode and coupled bending vibration of V-O. From the FT-IR spectra, it can be confirmed that the VEG and VOOH species exist in the precursor, in good agreement with the deduction from the XRD pattern. The black curves in Fig. 1b shows a typical FT-IR spectrum of V2O5, in which the V=O stretching bond appears at ~1014 cm , respectively. [5, 14] Fig. 1c and d show the elemental EDS spectra of the precursor and sintered V2O5 products, respectively. The EDS
spectrum of precursor clearly indicates the existence of carbon, due to the presence of VEG; while the peak corresponding to carbon (C) vanishes in the EDS spectrum of V2O5. The element of aluminium (Al) is generated from sample holders, while Au is attributed to Au spin-coating for SEM observation.
Morphology of the as-Prepared Precursors and the Final Products
The morphology of the products was inspected by microscopic techniques. Fig.2a shows the SEM image of the nanosheets, indicating that the nanosheets are with thickness of ~ 10 nm. Fig.2b displays the TEM image of the nanosheets, and the high resolution TEM (HRTEM) and selected diffraction pattern (SAED) of the circle is exhibited in Fig.2c and d , respectively. The HRTEM reveals that the lattice fringes were clearly visible with a lattice spacing of 0.44 nm, which can be assigned to (001) planes of V2O5, with growth direction along [010] . The SAED pattern shows two typical orthorhombic crystalline planes are indexed as (101) and (200), which is in good agreement with HRTEM image. [15] 
Gas Sensing Performance
The gas sensing performance of the V2O5 nanosheets was investigated via measuring the selectivity to ethanol, acetone, pyridine, isopropanol and formaldehyde. In comparison, the commercial V2O5 particles were used as sensing material. As an n-type semiconductor, V2O5 is expected to adsorb O and OH groups which trap electrons from the conduction band of the V2O5 crystals and increase the resistance. The adsorbed oxygen and lattice oxygen of V2O5 can react with gas molecules which are chemical adsorbed at the active sites on the surface of V2O5 materials. In this process, electrons will transfer to the surface of V2O5 to lower the number of trapped electrons, which induces a decrease in the resistance. [16] The diffusion rates of gas molecules are dependent on temperatures, thus the working temperature significantly may affect both the response and the sensitivity. Fig. 3a displays the response of the sensors made from the V2O5 nanosheets and the commercial V2O5 particles toward 100 ppm of acetone with increasing working temperature from 240-340°C. All V2O5 microflower-based sensors exhibit an optimum working temperature of 300°C with S=3.1 toward 100 ppm of acetone. In comparison, the commercial V2O5 based sensors show the same optimum working temperatures, but the responses are lower than that of V2O5 nanosheets.
The dynamic response-recovery transients of the V2O5-based sensors are shown in Fig. 3b . It is obvious that the output voltages of the sensors increase when the acetone is input, and decrease with the removal of the gas. Fig. 3c depicts the responses of three V2O5 based sensors toward different concentrations of acetone at 300°C. It can be seen that the V2O5 nanosheets show much higher response (~3 times) towards acetone than the commercial V2O5 particles.
Selectivity is another critical characteristic in gas sensing, which needs to be evaluated to ensure an accurate detection of a single gas in a mixer with a higher response. The response of the sensors based on the flower-like the sheet-like and the commercial V2O5 particles towards 100 ppm of different gases (e.g., acetone, pyridine, formaldehyde and alcohols) were measured at the working temperature of 300 °C, as displayed in Fig. 3d . It is noted that the sheet-like V2O5 exhibit excellent selectivity to acetone, with much higher response than that of other gases. In comparison, the high selectivity towards acetone is observed on the sensors based on the sheet-like V2O5 particles, while the selectivity of the commercial V2O5 particles is not ideal. This indicates that the morphology of the V2O5 particles could highly affect the selectivity. Recover time is also a key criterion to judge gas sensing performance of nanoparticles. Fig. 4a shows the response/recovery time of the sheet-like V2O5 particles. The response time is defined as the time required to 90% of the final equilibrium value, following exposure to acetone vapor. Inversely, the recovery time is defined as the time needed by the sensor to return to 10% of the original conductance in air, with removal of acetone vapor. It can be observed that the response time of the sheet-like V2O5 particles (Fig. 4a ) upon exposure to 5-100 ppm of acetone differs from 10-25 s, whereas the recovery time is 3-14 s. Additionally, we also observed that the response/recovery time increases with gas concentration, probably due to the low vapor and diffusion rate of acetone in the gas chamber at high concentration. The above results show that the response speed of the sheet-like V2O5 particles is slower than that of commercial V2O5 particles. It can be concluded that the nanosheet can enhance the sensitivity and selectivity to acetone of V2O5 particles, however, the response speed slightly decreased.
Repeatability is one of important parameters of a sensing material, related to long-term reliability of the sensor. As shown in Fig. 4b , the repeatabilities of the samples (the sheet-like, and commercial V2O5 particles) were evaluated by testing the response towards 100 ppm of acetone at 300 °C by repeating 10 times. It can be found that the response of the sensing materials remains constant during 10 tests, suggesting the excellent potential of the sheet-like V2O5 as a sensitive, selective and stable sensing material for detection of acetone.
Conclusions
A facile and synthesis strategy by combination of hydrothermal method and sintering treatment to prepare V2O5 nanosheets has been demonstrated. Sheet-like V2O5 nanopaticles have been obtained under the reported conditions with thickness of ~10 nm. Furthermore, the sheet-like V2O5 nanoparticles show excellent gas sensing performance toward acetone. The nanosheets show a low detection limit to 5 ppm and a significant high selectivity toward acetone at the optimum working temperature of 300°C. The sheet-like particles show short response (11-25 s) and recovery time (4-13 s) at the concentration range from 5-100 ppm under the reported conditions. The results in this work provide the potential use of vanadium oxide nanoparticles for industrial and environmental applications in the future.
